HBx-transgenic mice demonstrated that HBx can interact with mitochondria. However, no studies with normal hepatocytes have characterized the precise mitochondrial localization of HBx or the effect of HBx on mitochondrial physiology. We have used cultured primary rat hepatocytes as a model system to characterize the mitochondrial localization of HBx and the effect of HBx expression on mitochondrial physiology. We now show that a fraction of HBx colocalizes with density-gradient-purified mitochondria and associates with the outer mitochondrial membrane. We also demonstrate that HBx regulates mitochondrial membrane potential in hepatocytes and that this function of HBx varies depending on the status of NF-B activity. In primary rat hepatocytes, HBx activation of NF-B prevented mitochondrial membrane depolarization; however, when NF-B activity was inhibited, HBx induced membrane depolarization through modulation of the mitochondrial permeability transition pore. Collectively, these results define potential pathways through which HBx may act in order to modulate mitochondrial physiology, thereby altering many cellular activities and ultimately contributing to the development of HBV-associated liver cancer.
Worldwide, an estimated 350 to 400 million people are chronically infected with human hepatitis B virus (HBV) (82, 97) . HBV is the prototype member of the Hepadnaviridae, a family of hepatotropic viruses that can infect both birds and mammals (82) . HBV has a partially double-stranded, circular DNA genome containing four overlapping, open reading frames that encode the viral envelope, capsid, polymerase, and X (HBx) proteins (82) . Chronic infections with HBV are associated with the development of primary liver cancer, hepatocellular carcinoma (HCC) (3) . The underlying molecular mechanisms that link chronic HBV infections to the development of HCC are incompletely understood, and both immunemediated destruction of HBV-infected hepatocytes and concomitant liver regeneration, as well as activities of the HBx protein, are thought to be involved (82) .
Numerous functions have been attributed to HBx, and how HBx influences HBV replication and HCC development is the subject of considerable debate. HBx expression facilitates development of HCC in HBx-transgenic mice, although whether HBx directly induces tumor formation or only sensitizes mice to carcinogens varies depending on the genetic background of the HBx-transgenic mice (43, 44, 56, 85, 101) . Chronic infections with mammalian hepadnaviruses, all of which encode a X protein, cause HCC, while chronic infections with avian hepadnaviruses, which either do not encode a X protein or encode a highly divergent form of the protein, are not associated with the development of HCC (27) . An X-like protein is encoded by duck HBV, but this protein is not required for duck HBV replication (15, 59) . Studies from two groups demonstrated that woodchuck hepatitis virus (WHV) X protein (WHx) is required for WHV infection in vivo (16, 105) . However, a different study suggested that WHV may replicate at low levels in the absence of WHx (103) . In all three of these studies, woodchucks were injected with either wild-type or WHx-deficient WHV and monitored for evidence of WHV infection. In the first two studies, there was no evidence of WHV replication in the absence of WHx; however, in the third study, two of the four woodchucks injected with a WHx-deficient virus showed serological evidence of WHV infection. Unfortunately, the interpretation of the latter results are confounded by the observation that WHV DNA isolated from the two woodchucks injected with the WHx-deficient virus had reverted to the wildtype WHx sequence. Thus, these results could be interpreted to mean that WHx is not required for WHV replication or, because only wild-type WHx revertants were recovered, that WHx is required for WHV replication (103) . Attempts to determine whether HBx is required for HBV replication have also produced various conclusions. Several studies have shown that HBx has an important role in HBV replication in HepG2 cells, a human hepatoblastoma cell line, but not in Huh7 cells, a human hepatoma cell line (8, 9, 53, 60, 91) . A recent study in which a wild-type or HBx-deficient HBV cDNA was injected into mice demonstrated that approximately 75% of HBV replication in mouse liver is HBx dependent and that about 99% of the circulating viremia is HBx dependent (40) . Collectively, these studies suggest that HBx and WHx are important con-tributors to HBV and WHV replication, but whether they are absolutely required is still unclear (reviewed in reference 10).
The link between chronic HBV infections and HCC, the impact of HBx expression on HBV replication, and the suspected role of HBx as a cofactor in HCC development have generated considerable interest in defining HBx activities. Several studies have shown that HBx can regulate cellular transcription and signal transduction pathways, the activity of proteasomes, cell cycle progression, and apoptosis (35; reviewed in reference 10). Although one dissenting result has been published (102) , studies from four groups suggest that many reported activities of HBx may derive from HBx regulation of cytosolic calcium levels (9, 14, 63, 92) . We recently showed that HBx regulation of cytosolic calcium levels involves modulation of the mitochondrial permeability transition pore (MPTP), a channel that spans through the outer mitochondrial membrane into the mitochondrial matrix and controls the migration of molecules into and out of mitochondria (51, 58, 70, 71) . Exactly how HBx affects MPTP activity and mitochondrial physiology in normal hepatocytes is unknown.
HBx is localized to both the cytoplasm and the nuclei of cells (34) . Immunofluorescence and cell fractionation studies with various cell types demonstrated that a fraction of cytosolic HBx colocalizes with mitochondria, both when expressed in the absence of other HBV proteins and when expressed in the context of HBV replication (25, 34, 36, 41, 58, 70, 84, 89, 90) . HBx localizes to mitochondria in HBx-expressing COS cells, a monkey kidney cell line; in Huh7 cells, in HepG2.215 cells, a HepG2 cell line that stably expresses a replication-competent cDNA of HBV; and in HBx-transgenic mouse hepatocytes (17, 36, 70, 89) . In one study, mitochondrially localized HBx expressed in Huh7 cells was sensitive to trypsin treatment and mitochondrially localized HBx expressed in COS cells was associated with a membrane fraction following alkaline treatment. Although these studies were conducted with different cell lines, they were collectively interpreted to mean that HBx localizes to the outer mitochondrial membrane (36) . In support of this interpretation, results from a yeast two-hybrid screen showed that HBx can interact with voltage-dependent anion channel 3 (VDAC3). VDACs are channels that span the outer mitochondrial membrane and can function as a component of the MPTP (65, 71) . Subsequent coimmunoprecipation studies in which HBx and VDAC3 expression vectors were cotransfected into COS cells provided additional evidence for this interaction (70) . Finally, HBx expression induced mitochondrial membrane depolarization in Huh7 cells, although it had no direct impact on mitochondrial membrane potential in HepG2 cells (49, 70, 84, 89) .
While the aforementioned studies demonstrated that HBx associates with a mitochondrially enriched fraction isolated from established cell lines and from HBx-transgenic mouse hepatocytes, no studies have characterized the precise mitochondrial localization of HBx expressed in the context of HBV replication or of HBx expressed in primary hepatocytes (17, 36, 70, 89) . Furthermore, discrepant results regarding the impact of HBx expression on mitochondrial membrane potential have been published, and no studies have characterized the effect of HBx on mitochondrial physiology in normal hepatocytes (49, 70, 84, 89) . We have used two model systems to characterize mitochondrially localized HBx and to study the impact of HBx expression on mitochondrial physiology. HepG2 cells are a model system for studying the role of HBx in HBV replication, and this cell line was used to initially characterize mitochondrially localized HBx when it was expressed in the absence of other HBV proteins and when it was expressed in the context of HBV replication. We then extended our studies to cultured primary rat hepatocytes and characterized the mitochondrial localization of HBx and the impact of HBx expression on mitochondrial membrane potential. Cultured primary rat hepatocytes provide a biologically relevant system for analyzing the effect of HBx in untransformed hepatocytes and have been used as a model system for understanding human liver diseases and normal hepatocyte physiology. Cholestasis, Wilson's disease, alcohol-induced liver pathologies, HBV replication and biology, and HCC have been studied in rat liver model systems, and the signaling pathways that are modulated during these processes have been analyzed in cultured primary rat hepatocytes (6, 19, 23, 37, 73) . It is relatively easy to isolate large quantities of normal hepatocytes from a single rat, and protocols for maintaining and testing the differentiated status of cultured primary rat hepatocytes are well established (7, 74) . Therefore, transfection of cultured rat hepatocytes with HBxexpressing and control plasmids facilitates analyzing HBx activities in hepatocytes derived from the same source.
In the studies described here, we demonstrate that a fraction of cytosolic HBx is associated with the outer mitochondrial membrane in HepG2 cells and cultured primary rat hepatocytes. We also show that HBx modulates mitochondrial membrane potential in cultured primary rat hepatocytes and that the effect of HBx on mitochondrial membrane potential depends on the status of NF-B activity. We demonstrate that HBx activates NF-B in cultured primary rat hepatocytes and that activation of NF-B prevents mitochondrial membrane depolarization. Surprisingly, if the activity of NF-B was inhibited, HBx induced mitochondrial membrane depolarization through modulation of the MPTP. These results suggest that HBx can modulate mitochondrial membrane potential through two different pathways; one pathway prevents mitochondrial depolarization, while the other induces depolarization. It is likely that the precise impact of these HBx activities on mitochondrial membrane potential will depend on the balance of these signals and will consequently affect cellular physiology, potentially contributing to HBV-associated liver diseases.
MATERIALS AND METHODS
Cells, transfections, and reagents. HepG2 cells were obtained from the American Type Culture Collection and cultured in minimal essential medium supplemented with 10% fetal bovine serum, 1 mM nonessential amino acids, 1 mM sodium pyruvate, and 10 g/ml gentamicin. All cells were maintained at 37°C in 5% CO 2 . HepG2 cells were transfected using FuGENE 6 (Roche) according to the manufacturer's protocol. Primary rat hepatocytes were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Tumor necrosis factor alpha (TNF-␣) and carbonyl cyanide m-chlorophenylhydrazone (CCCP) were purchased from Calbiochem, and cycloheximide (CHX), cyclosporine (CsA), and FK506 (Tacrolimus) were purchased from Sigma.
Isolation and maintenance of primary rat hepatocytes in culture. Hepatocytes were isolated from male Sprague-Dawley rats using a two-step profusion procedure as previously described (83) . Briefly, the liver was first perfused with calcium-free liver perfusion buffer (Invitrogen) to disrupt hepatocyte desmosomes, followed by perfusion with a 3.5-mg/ml Liberase Blendzyme 3-containing buffer (Roche) to separate hepatocytes from the extracellular matrix. The liver was then removed and healthy hepatocytes isolated over a Percoll density gra-dient. On average, 1 ϫ 10 8 cells were isolated per rat liver, and about 95% of cultured hepatocytes were viable. Animal surgery and hepatocyte isolation complied with all relevant federal and institutional policies. The hepatocytes were plated and cultured on collagen-coated tissue culture plates. Hepatocytes were maintained in Williams E medium supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 4 g/ml insulin-transferrin-selenium, 5 g/ml hydrocortisone, 5 ng/ml epidermal growth factor, and 2% dimethyl sulfoxide (Fisher) . For all studies with cultured primary rat hepatocytes, the hepatocytes were transfected at 24 h after plating and collected for analysis at 48 h posttransfection. Rat hepatocytes were monitored for retention of hepatocyte morphology throughout the time course of our studies and were also collected for reverse transcriptase PCR (RT-PCR) analysis of hepatocyte-specific mRNAs (see below).
RT-PCR analysis of hepatocyte mRNAs. The authenticity of hepatocytes was confirmed by inspection of cell morphology and by detection of albumin, transferrin, and hepatocyte nuclear factor 4 (HNF4) mRNAs, indicators of differentiated hepatocytes (7, 74) . RNA was isolated from hepatocytes using TRIzol (Invitrogen) according to the manufacturer's instructions. The iScript cDNA synthesis kit (Bio-Rad) was used for the reverse transcription step as directed by the manufacturer. The primers used for the PCRs were as follows: the forward oligonucleotide sequence for transferrin was 5Ј GGCTCAGGAACACTTTGGC 3Ј and the reverse oligonucleotide sequence was 5Ј GTTGTTCCAGTTGATG CTGG 3Ј, the forward oligonucleotide sequence for HNF4 was 5Ј CGGGCCA CTGGCAAACAC 3Ј and the reverse oligonucleotide sequence was 5Ј GTAA TCCTCCAGGCTCAC 3Ј, and the forward oligonucleotide sequence for albumin was 5Ј GCCGAAAACTGTGACAAGTC 3Ј and the reverse oligonucleotide sequence was 5Ј TCTCGTAAAGCTCACAGTTAG 3Ј. The PCR protocol consisted of an initial 4-min denaturation at 94°C; followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min; followed by a final extension at 72°C for 10 min. RT-PCR analysis of liver-specific mRNAs was conducted in hepatocytes immediately after isolation from perfused rat livers and on cultured rat hepatocytes at 24 and 48 h posttransfection.
Plasmids. Full-length HBx was PCR amplified from HBV subtype ayw using oligonucleotides containing terminal XhoI or EcoRV restriction enzyme sites. Two constructs were made; the first, FL1-154 HBx, has an eight-amino-acid Flag epitope tag (IBI, Inc.) at the N terminus of HBx, and the second, 1-154 HBx, does not contain a Flag epitope tag. For the PCRs, the forward oligonucleotide sequence for FL1-154 HBx was 5Ј GCCTCGAGATGGACTACAAGGACGA CGATGATAAGATGGCTGCTAGGCTGTGC 3Ј and the reverse oligonucleotide sequence was 5Ј GCGATATGTCACTATTAGGCAGAGGTGAAAAAG TTGC 3Ј, and the forward oligonucleotide sequence for 1-154 HBx was 5Ј GCCTCGAGATGGCTGCTAGGCTGTGCTGC 3Ј and the reverse sequence was the same as for FL1-154 HBx. The PCR amplification protocol consisted of an initial 4-min denaturation at 94°C; followed by 25 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min; followed by a final extension at 72°C for 10 min. The HBx insert and pcDNA3.1(Ϫ) vector (Invitrogen) were digested with XhoI and EcoRV and ligated so that HBx is produced under the control of the cytomegalovirus promoter.
pGEMHBV (payw1.2) (79) contains a greater-than-unit-length cDNA of the HBV genome and has been previously described (79, 80) . This construct expresses all of the HBV genes under the control of endogenous HBV enhancers and promoters. pGEM*7 (payw*7) (60) is identical to pGEMHBV except for a stop codon mutation in the seventh amino acid of the HBx sequence so that the HBx protein is not produced (60) .
IB-SR is cloned into the pLPCX vector and produces a mutant form of the IB-␣ protein that has the serines at amino acid positions 32 and 36 mutated to alanines so that this mutant IB cannot be phosphorylated and degraded (11, 13, 22, 94) . The NF-B-Luc reporter vector (pNF-B-Luc) contains four NF-B binding sites adjacent to a minimal promoter and the firefly luciferase coding region, as previously described (69) . The pNF-B-Luc-MUT reporter vector is identical to pNF-B-Luc except that the NF-B binding sites are mutated so that NF-B cannot bind.
Antibodies. Anti-Grp75, anti-hexokinase, anti-proliferating cell nuclear antigen, and anti-VDAC antibodies were purchased from Santa Cruz Biotechnology; anti-Flag-M2 antibody was purchased from Stratagene; anti-␤-actin, anti-calnexin, anti-cathepsin L, and anti-peroxisomal membrane protein 70 (anti-PMP70) antibodies were purchased from Sigma; anti-cytochrome oxidase IV (anti-COXIV), anti-translocase of the outer membrane 20 (anti-TOM20), anti-mitogen-activated protein kinase (anti-MAPK), and anti-B-cell lymphoma 2 (antiBcl-2) antibodies were purchased from Cell Signaling; and anti-HBx antibody was purchased from Affinity BioReagents.
Isolation of mitochondria.
For all mitochondrial studies, hepatocytes were transfected at 24 h after plating and collected at 48 h posttransfection. Mitochondria were isolated using the mitochondrial isolation kit for mammalian cells (Pierce) according to the manufacturer's instructions, with some modifications. Briefly, following lysis of approximately 1 ϫ 10 6 HepG2 cells or primary hepatocytes, cell debris and nuclei were pelleted at 300 ϫ g, followed by centrifugation at 2,500 ϫ g to pellet a mitochondrially enriched fraction. The mitochondrially enriched fraction was then either directly analyzed or separated through a 30% Percoll density gradient by ultracentrifugation using a Beckman Ti70.1 rotor at 95,000 ϫ g for 15 min (this procedure was modified from that described in reference 32). Fractions were collected from the gradient, and proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 15% polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane (Bio-Rad), followed by blocking for 2 h in 5% milk and incubation with primary antibody overnight. The membrane was then washed and incubated with a horseradish peroxidase-conjugated secondary antibody and visualized using an enhanced chemiluminescence (ECL) system (Bio-Rad). Western blot analysis was conducted using Grp75 as a mitochondrial marker (52) , MAPK as a cytosolic marker (28), nucleolin as a nuclear marker (75) , calnexin as an endoplasmic reticulum (ER) marker (47), cathepsin L as a lysosomal marker (64) , and PMP70 as a peroxisomal marker (42) , and an anti-Flag antibody was used to detect FL1-154 HBx.
Trypsin treatment of isolated mitochondria. To identify proteins located peripherally on the outer mitochondrial membrane, mitochondria were isolated from approximately 6 ϫ 10 6 HepG2 cells or primary rat hepatocytes (per treatment) using the Pierce mitochondrial isolation kit and subsequently treated with increasing concentrations of trypsin (Sigma) for 30 min on ice, followed by centrifugation at 6,700 ϫ g for 15 min at 4°C (31, 36) . The pellet fraction, containing proteins located within the mitochondria, was subsequently resolved on a 15% polyacrylamide gel. Western blot analysis was performed using hexokinase (62) and VDAC (17) as markers of a peripheral outer mitochondrial membrane protein and a protein located within the mitochondria, respectively. While cleavage of hexokinase was used as a control for a trypsin-sensitive mitochondrial protein, we included an additional control in the primary hepatocyte studies because mitochondrially associated HBx from primary rat hepatocytes was not sensitive to trypsin. Therefore, to show that the isolation procedure itself did not inhibit the ability of trypsin to cleave HBx in mitochondria isolated from cultured primary rat hepatocytes, these mitochondria were treated with both trypsin and 0.1% Triton X-100, which is an established technique used to disrupt mitochondria and render proteins contained within the mitochondria susceptible to trypsin treatment (46, 78) .
Sodium carbonate treatment of isolated mitochondria. To distinguish integral membrane proteins from peripheral membrane and soluble proteins, mitochondria isolated from approximately 6 ϫ 10 6 HepG2 cells or primary rat hepatocytes using the Pierce mitochondrial isolation kit were treated with 0.1 M sodium carbonate (Na 2 CO 3 ) (pH 11.5) for 30 min on ice, followed by centrifugation at 13,000 ϫ g for 10 min at 4°C, as previously described (30) . The pellet fraction, containing the inner and outer mitochondrial membranes, and the supernatant fraction, containing the peripheral membrane, intermembrane space and matrix proteins, were separated by SDS-PAGE on a 15% polyacrylamide gel. Western blot analysis was performed using hexokinase as a marker of a peripheral mitochondrial membrane protein and VDAC as a marker of an integral mitochondrial membrane protein.
Potassium chloride (KCl) treatment of isolated mitochondria. To separate the outer and inner mitochondrial membranes, mitochondria isolated from approximately 6 ϫ 10 6 primary rat hepatocytes using the Pierce mitochondrial isolation kit were treated with 10 mM KCl for 10 min on ice, as previously described (67) . Following this incubation, samples were centrifuged at 2,500 ϫ g to pellet the intact inner mitochondrial membrane and matrix, leaving the outer mitochondrial membrane and intermembrane space in the supernatant. The pellet fraction was washed and recentrifuged at 300 ϫ g to remove any unlysed mitochondria. Western blot analysis was performed using Bcl-2 (24) and TOM20 (100) as markers of the outer mitochondrial membrane and COXIV (70) as a marker of the inner mitochondrial membrane.
Characterization of mitochondrial membrane potential. The mitochondrial membrane potential was evaluated using the cationic dye JC-1 (5,5,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazolylcarbocyanine iodide; Invitrogen). As a positive control for membrane depolarization, cells were treated with various concentrations of CCCP (data not shown); maximum depolarization was observed by adding 10 M CCCP 5 min prior to the addition of JC-1, which is consistent with other studies using primary rat hepatocytes (61) . Cells were treated with TNF-␣ (5 ng/ml), CHX (25 g/ml), CsA (5 M), or FK506 (5 M) for 18 h, where applicable. Primary hepatocytes were transfected at 24 h after plating, scraped into their growth medium at 48 h posttransfection, and incubated for 30 min in the dark with 2.5 M JC-1 (77) . Following incubation, cells were washed twice with phosphate-buffered saline and resuspended in 500 l of phosphate-buffered saline for analysis on a Guava Technologies flow cytometer using the MitoPotential program according to the manufacturer's instructions.
Luciferase assays. At 24 h after plating, primary hepatocytes were transfected with FL1-154 HBx, pcDNA3.1(Ϫ), IB-SR, pNF-B-Luc, or pNF-B-Luc-MUT, where appropriate. Luciferase reporter assays were performed at 48 h posttransfection using the Promega luciferase assay system according to the manufacturer's instructions.
RESULTS
HBx expression and function. Western blot analyses were conducted to confirm HBx expression following transfection of FL1-154 HBx or 1-154 HBx into HepG2 cells and primary rat hepatocytes ( Fig. 1 and data not shown). HBx expression was detected in HBx-transfected HepG2 cells and primary hepatocytes and not in the pcDNA3.1(Ϫ)-transfected hepatocytes. Most experiments were conducted with FL1-154 HBx because less background was detected using the anti-Flag antibody than when the commercially available anti-HBx antibody was used. However, we compared both HBx expression constructs for the initial mitochondrial localization studies and saw similar results using both FL1-154 HBx and 1-154 HBx (data not shown).
When HepG2 cells are transfected with an HBx-deficient HBV expression plasmid, pGEMHBV*7, HBV replication is severely diminished compared to HBV replication in HepG2 cells that are transfected with the greater-than-unit-length wild-type HBV DNA, pGEMHBV (60) . We previously demonstrated that replication of the HBx-deficient HBV mutant can be rescued by cotransfection with FL1-154 HBx, demonstrating that this HBx expression vector produces functional HBx (58, 60) . Additionally, the results of our previously published studies strongly suggest that activities associated with HBx expression from the FL1-154 vector are unlikely to be artifacts of overexpression (58) . In these experiments, we assessed the ability of HBx to modulate cytosolic calcium levels when it was expressed from the FL1-154 plasmid or in the context of HBV replication; in both experimental conditions, similar increases in cytosolic calcium were observed and linked to regulation of the MPTP (58) .
Confirmation of hepatocyte differentiation in culture. To confirm that the cultured primary rat hepatocytes remained differentiated when maintained in the growth conditions described in Materials and Methods, cell morphology was continually monitored and RT-PCR analysis was performed to detect the expression of the hepatocyte-specific markers transferrin, albumin, and HNF4 (7, 74) . Expression of each of these hepatocyte-specific markers was observed in freshly isolated hepatocytes and in hepatocytes 24 (data not shown) and 48 h posttransfection, the time of cell collection (Fig. 2) . Note that due to the substantial difference in fragment sizes, we were able to analyze albumin and transferrin expression in the same sample. Hepatocyte morphology was also maintained throughout the experiment, and no alterations in cell appearance were noted during the time course of our studies. These observations are consistent with the many previously published studies that have used similar isolation and culture techniques to maintain differentiated rat hepatocytes (6, 19, 23, 37, 73) .
HBx is localized to mitochondria. While one published report demonstrated that HBx was associated with a mitochondrially enriched fraction isolated from HBx-transgenic mouse hepatocytes, all other previous studies of the interaction between HBx and mitochondria were conducted with mitochondrially enriched fractions isolated from immortalized or transformed liver cell lines or cell lines that were not of hepatic origin (17, 34, 36, 41, 70, 84, 89) . Our experiments determined whether HBx could be biochemically copurified with mitochondria isolated from HepG2 cells and from primary rat hepatocytes. HepG2 cells are a model system for studying functions of HBx that affect HBV replication, and cultured primary rat hepatocytes are an established model system of normal hepatocyte physiology (6, 19, 23, 37, 73) . We first examined whether HBx was localized to a mitochondrially enriched fraction isolated from HepG2 cells and primary rat hepatocytes. Cells were transfected with FL1-154 HBx, and at 48 h posttransfection a mitochondrially enriched fraction was prepared. HBx localized to the mitochondrially enriched fraction in both HepG2 cells and primary hepatocytes (Fig. 3A) . Similar to previously reported results in HepG2 cells (58) , approximately 5% of cellular HBx localizes to the mitochondria in primary rat hepatocytes (data not shown). Comparable results were obtained using an HBx construct that did not Confirmation of hepatocyte differentiation in culture. RNA was extracted either from primary rat hepatocytes freshly isolated from a rat liver or from cultured primary rat hepatocytes maintained in Williams E medium as described in Materials and Methods. RT-PCR analysis was performed to analyze expression of albumin (A), transferrin (T), and HNF4 (H) as markers of differentiated hepatocytes. Expected band sizes are 914 bp for albumin, 530 bp for transferrin, and 530 bp for HNF4. Note that the primers for albumin and transferrin were combined in the same sample due to the substantial difference in PCR product size. Lanes AT (-RT) and H(-RT) represent samples in which isolated RNA was analyzed directly by PCR to confirm the absence of contaminating DNA.
VOL. 82, 2008 HBx REGULATES MITOCHONDRIAL MEMBRANE POTENTIAL 6801 contain a fused Flag epitope (data not shown). As a negative control, HepG2 cells were transfected with an arbitrary Flagtagged protein (IB-SR), and a mitochondrially enriched fraction was examined. As expected, this protein did not localize to mitochondria, negating the possibility that the Flag epitope was responsible for mitochondrial localization of HBx (data not shown).
While it is generally considered as an excellent method for isolating mitochondria, the technique used to prepare the mitochondrially enriched preparation may result in some contamination with other cytosolic organelles. To further purify mitochondria away from potential organellar contamination and confirm HBx localization to mitochondria, the mitochondrially enriched fraction was layered over a 30% Percoll density gradient and mitochondria were separated from other organelles by centrifugation. Fractions from the gradient were examined for the distribution of cytosolic organelles and for HBx. Western blot analyses were conducted to detect Grp75 as a mitochondrial marker, MAPK as a cytosolic marker, nucleolin as a nuclear marker, calnexin as an ER marker, cathepsin L as a lysosomal marker, and PMP70 as a peroxisomal marker. The anti-Flag antibody was used to detect Flag-tagged HBx. HBx colocalized with density-gradient-purified mitochondria in both HepG2 cells and primary hepatocytes. These fractions were free from lysosomal, cytosolic, and nuclear contamination (Fig. 3B) . Attempts to eliminate all ER contamination were unsuccessful; prolonged overexposure of the Western blots showed a low level of ER in all fractions. However, this low level of ER contamination was detected equally in all fractions rather than showing the colocalization pattern of HBx and mitochondria. This low level of ER was likely a result of the large number of cells that were required for this experiment due to the low expression level of HBx. For reasons that are not entirely clear, the degree of peroxisomal contamination varied in different experiments, and in some experiments, no peroxisomal contamination was observed (compare Fig. 3B and 4B). However, even when peroxisomal contamination was noted in some mitochondrial fractions, the majority of peroxisomes peaked at a higher density than the peak for HBx and mitochondria (Fig. 3B) .
To confirm that HBx localized to purified mitochondria in the context of HBV replication, Percoll density gradient purification of mitochondria was also performed in HepG2 cells transfected with pGEMHBV. Importantly, HBx localized to purified mitochondria when expressed in the context of HBV replication (Fig. 4) . This is consistent with our results using HBx expressed in the absence of other HBV proteins and confirms that our results are not an artifact of HBx overexpression. Because HBx is expressed at a low level from the HBV genome, a large number of pGEMHBV-transfected HepG2 cells (approximately 7.5 ϫ 10 7 cells) were processed to detect HBx localization to mitochondria. Primary rat hepatocytes have a decreased transfection efficiency compared to HepG2 cells (approximately two-to threefold lower) and therefore require substantially more cells for a similar analysis, HBx is localized to the outer mitochondrial membrane. After establishing that a fraction of HBx localizes to mitochondria in hepatocytes, we addressed the localization of HBx within mitochondria. Isolated mitochondria were treated with increasing concentrations of trypsin, and Western blot analysis was performed using hexokinase as a marker of a peripheral outer mitochondrial membrane protein and VDAC as a marker of an integral mitochondrial membrane protein. This procedure distinguishes between proteins contained within mitochondria (i.e., integral membrane proteins and soluble proteins located in the intermembrane space or matrix) and proteins entirely or partially exposed on the surface of the outer mitochondrial membrane. Therefore, trypsin treatment will cleave hexokinase from the mitochondrial surface but will not cleave VDAC. Interestingly, we saw different results for HBx in HepG2 cells and primary rat hepatocytes. In HepG2 cells, mitochondrially associated HBx was susceptible to trypsin treatment (Fig. 5A) , which is consistent with similar studies using Huh7 cells (36) . However, HBx was not cleaved from the surface of mitochondria isolated from primary rat hepatocytes (Fig. 5A) . The reason for these differences is currently unknown. As a control to show that the procedure used to isolate mitochondria from primary rat hepatocytes does not render mitochondrially associated HBx insensitive to trypsin, we demonstrated that VDAC and HBx become susceptible to trypsin in the presence of 0.1% Triton X-100 (Fig. 5A) .
To further define the localization of HBx, mitochondria were isolated from HBx-transfected HepG2 cells or primary hepatocytes and were treated with sodium carbonate, pH 11.5. Alkaline treatment of mitochondria lyses the outer and inner mitochondrial membranes; this facilitates separation of integral membrane proteins from peripheral membrane proteins and soluble proteins in the intermembrane space or matrix of mitochondria (30) . Hexokinase and VDAC were used as markers of peripheral and integral membrane proteins, respectively. Alkaline treatment of mitochondria isolated from HepG2 cells showed that at least a portion of HBx is an integral membrane protein (Fig. 5B) . This is consistent with the results observed following alkaline treatment of mitochondria isolated from COS cells (36) . Similarly, the results from alkaline treatment of mitochondria isolated from primary rat hepatocytes suggest that HBx is an integral membrane protein in these cells (Fig.  5B) . The combined results of trypsin and alkaline treatment of mitochondria isolated from HepG2 cells suggest that HBx is partially inserted in the outer mitochondrial membrane and partially exposed on the surface of the outer mitochondrial membrane. For primary hepatocytes, these results suggest that HBx is an integral membrane protein.
Alkaline treatment of mitochondria isolated from HBxtransfected primary rat hepatocytes showed that HBx was localized to a membrane fraction but did not definitively localize it to either the inner or outer mitochondrial membrane. Further analyses were conducted with primary hepatocytes to distinguish between these two possibilities. Mitochondria were isolated from HBx-transfected primary hepatocytes and treated with 10 mM KCl as described in Materials and Methods. This treatment selectively lyses the outer mitochondrial membrane, while leaving the inner mitochondrial membrane intact. The outer membrane and intermembrane space are then separated from the inner mitochondrial membrane and matrix by differential centrifugation (67) . Fractions were separated by SDS-PAGE, and Western blot analysis was performed to detect expression of Bcl-2 and TOM20 as markers of the outer mitochondrial membrane and of COXIV as a marker of the inner mitochondrial membrane. HBx was localized to the outer mitochondrial membrane fraction in primary rat hepatocytes (Fig. 5C) . The results of the trypsin, alkaline, and potassium chloride treatment experiments collectively suggest that HBx is an integral outer mitochondrial membrane protein in primary rat hepatocytes.
Previous results from a yeast two-hybrid screen suggested that HBx interacts with VDAC3, and additional studies with COS cells suggested that HBx coimmunoprecipitates with exogenously expressed VDAC3 (70, 71) . Attempts to coimmunoprecipitate HBx with endogenous VDAC in HepG2 cells or primary rat hepatocytes were unsuccessful (data not shown). However, this may be caused by the harsh lysis conditions required to extract mitochondrial membrane proteins; these may disrupt any interaction between HBx and endogenous mitochondrial proteins. 
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FIG. 4. Copurification of mitochondria with HBx expressed in the context of HBV replication in HepG2 cells. (A)
HepG2 cells were transfected with pGEMHBV or pGEMHBV*7, and at 48 h posttransfection a mitochondrially enriched fraction was isolated. Proteins were resolved by SDS-PAGE and Western blot analysis was performed using an anti-Grp75 antibody and an anti-HBx antibody. (B) HepG2 cells were transfected with pGEMHBV, and at 48 h posttransfection isolated mitochondria were separated over a Percoll density gradient. Western blot analysis was performed using anti-Grp75, anti-Flag, anticathepsin L, anti-calnexin, anti-MAPK, anti-nucleolin, and anti-PMP70 antibodies. WCL, whole-cell lysate.
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HBx regulates mitochondrial membrane potential. We next determined whether HBx affects mitochondrial physiology in primary rat hepatocytes. HBx has been reported to induce mitochondrial membrane depolarization in Huh7 cells (70, 84, 89) but to have no direct effect on mitochondrial membrane potential in HepG2 cells (50) . The effect of HBx on mitochondrial membrane potential in primary hepatocytes is not known. HBx-transfected hepatocytes were incubated with the cationic dye JC-1 (72, 76) , and mitochondrial membrane potential was evaluated by flow cytometry analysis. The extent of JC-1 accumulation in mitochondria depends on the mitochondrial membrane potential. JC-1 accumulates in mitochondria and forms red fluorescent J aggregates (ϳ590-nm emission) under conditions of mitochondrial polarization, but when the mitochondrial membrane depolarizes, JC-1 diffuses out of mitochondria, thereby decreasing aggregation and resulting in green fluorescence (ϳ525-nm emission). As a positive control to induce mitochondrial membrane depolarization, we used the uncoupler CCCP. CCCP functions by uncoupling electron transport from oxidative phosphorylation so that ATP synthesis can no longer take place (93) . Various concentrations of CCCP were used (data not shown), and maximum depolarization was observed with 10 M CCCP, which is consistent with other studies using CCCP in primary rat hepatocytes (61) . On average, CCCP treatment caused detectable depolarization in about 30% of hepatocytes, which is comparable to previous reports in which CCCP was used to induce depolarization (54, 68). In contrast to previous studies performed with established cell lines, HBx expression in primary rat hepatocytes protected cells from mitochondrial membrane depolarization (5.8% depolarization in HBx-expressing cells, compared to 11.1% depolarization in negative control cells) (Fig. 6 ). In addition, the effect of TNF-␣ treatment on mitochondrial membrane depolarization was examined; TNF-␣ is a cytokine produced in the context of a chronic HBV infection and can be used to sensitize cells to mitochondrial membrane depolarization (29, 38) . TNF-␣ treatment caused a slight amplification of depolarization in control cells, and HBx prevented this depolarization (6.6% depolarization in HBx-expressing cells, compared to 17.4% in negative control cells) (Fig. 6) . Although the HBxinduced changes in the detectable percentage of hepatocytes with depolarized mitochondria are not large, they were consistently observed and are statistically significant (P Յ 0.01); moreover, as stated above, the maximum detectable depolar-
FIG. 5. Localization of HBx to the outer mitochondrial membrane. (A) HepG2 cells or primary rat hepatocytes were transfected with FL1-154
HBx, and at 48 h posttransfection a mitochondrially enriched fraction was isolated. Trypsin treatment of isolated mitochondria was performed using increasing concentrations of trypsin. Western blot analysis was performed using anti-hexokinase, anti-VDAC, and anti-Flag antibodies. Treatment of mitochondria isolated from HBx-transfected primary hepatocytes with trypsin and Triton X-100 rendered HBx and VDAC susceptible to trypsin treatment. (B) HepG2 cells and primary rat hepatocytes were transfected with FL1-154 HBx, and at 48 h posttransfection a mitochondrially enriched fraction was isolated. Alkaline treatment of isolated mitochondria was performed, and proteins were resolved by SDS-PAGE. Western blot analysis was performed using anti-hexokinase, anti-VDAC, and anti-Flag antibodies. (C) Primary rat hepatocytes were transfected with FL1-154, followed by mitochondrial isolation and KCl treatment. Following differential centrifugation, proteins were resolved by SDS-PAGE, and Western blot analysis was performed using COXIV as an inner mitochondrial membrane (IMM) marker and Bcl-2 and TOM20 as markers of the outer mitochondrial membrane (OMM).
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ization observed with CCCP treatment never exceeded 30% of hepatocytes. Finally, the transfection efficiency in cultured primary rat hepatocytes ranged from 30 to 40%, and the observed depolarization might be greater if all of the cultured hepatocytes expressed HBx. CHX treatment alters HBx-dependent regulation of mitochondrial membrane potential. Because our results were different from those of previous studies with established cell lines, we further examined the effect of HBx on mitochondrial membrane potential. Previous studies have shown that the effect of treatment on mitochondrial membrane potential can vary depending on the status of cellular protein synthesis and activation of cellular signal transduction pathways (38) . To determine whether HBx-dependent mitochondrial membrane depolarization required protein synthesis and possible activation of signal transduction pathways, we first examined whether inhibition of protein synthesis influenced HBx-dependent modulation of mitochondrial membrane potential. In the presence of the translation inhibitor CHX, HBx induced mitochondrial membrane depolarization, suggesting an important role for protein production in HBx-dependent modulation of mitochondrial membrane potential (Fig. 7A) . Surprisingly, CHX treatment of HBx-transfected hepatocytes did not substantially decrease HBx expression levels during the time course of these experiments (Fig. 7B) (26, 99, 104) .
HBx activates NF-B in primary rat hepatocytes. One consequence of CHX treatment is the inhibition of NF-B-dependent expression of specific proteins. Therefore, one possible mechanism for HBx-induced protection of mitochondrial membrane depolarization could be through activation of NF-B. Unlike primary hepatocytes, some established cell lines, including HepG2 cells, have low levels of NF-B, and therefore it is not necessary to inhibit protein translation in order to induce mitochondrial membrane depolarization in response to various stimuli (38) . As a first step in determining whether HBx Cells were collected at 48 h posttransfection and processed using the Promega luciferase assay system, and luciferase activity was measured using a luminometer. A fivefold induction in NF-B activation was observed in HBx-expressing hepatocytes compared to negative control hepatocytes (Fig. 8A ). This activation was not observed using pNF-B-Luc-MUT, regardless of HBx expression. The activity of NF-B was also examined in the presence of IB-SR, a mutant form of the IB-␣ protein which cannot be phosphorylated and degraded (11, 13, 22, 94) . IB-SR functions as a constitutive suppressor of NF-B. IB-SR decreased NF-B activation, and cotransfection of HBx and IB-SR abrogated the HBx-dependent activation of NF-B, showing that IB-SR is functional and further confirming that results from these luciferase assays represented changes in NF-B activity (Fig. 8A) . HBx expression was not substantially affected by IB-SR (Fig. 8B) . HBx modulation of mitochondrial membrane potential is influenced by NF-B activity. To examine the possibility that HBx-dependent regulation of mitochondrial membrane potential is influenced by NF-B activity, HBx-or pcDNA3.1(Ϫ)-transfected primary hepatocytes were cotransfected with IB-SR. HBx induced mitochondrial membrane depolarization in primary rat hepatocytes in the presence of IB-SR, similar to the result seen in the presence of CHX (Fig. 7A) . These results show that HBx inhibition of mitochondrial membrane depolarization is NF-B dependent in primary hepatocytes.
CsA abrogates HBx-dependent depolarization of mitochondrial membrane potential. The effect of HBx on mitochondrial membrane potential was examined in the presence of CsA. CsA functions by inhibiting cyclophilin D, which is a component of the MPTP, and thereby inhibits opening of the MPTP (12) . The addition of CsA, in the presence of CHX, abrogated the HBx-dependent depolarization of the mitochondrial membrane potential, suggesting that HBx can act through the MPTP as another means of regulating mitochondrial membrane potential (Fig. 7A) . However, in the absence of CHX, HBx still protected CsA-treated hepatocytes from membrane depolarization compared to control-transfected cells. These results suggest that in cultured primary rat hepatocytes, HBx can cause mitochondrial membrane depolarization by affecting the function of the MPTP, that the HBx-dependent activation of NF-B is independent of its regulation of the MPTP, and that HBx-dependent activation of NF-B suppresses its ability to induce mitochondrial membrane depolarization. Addition of CsA caused a slight increase in the overall amount of membrane depolarization in both the HBx-transfected and negative control cells but blocked the ability of HBx to enhance this effect. This is consistent with data suggesting that CsA not only inhibits the MPTP but also can cause a slight increase in the amount of apoptosis in primary rat hepatocytes (33) . CsA inhibits both calcineurin and cyclophilin D; calcineurin is a protein phosphatase that modulates the immune response through regulation of nuclear factor of activated T cells, and (12, 20) . To determine if the effect of HBx on mitochondrial membrane potential in the presence of CsA was caused solely by the ability of CsA to inhibit cyclophilin D and not as a result of its effect on calcineurin, FK506 was used. FK506 functions as an immunosuppressant due to its ability to inhibit calcineurin; FK506 does not affect the MPTP (20) . The effect of HBx on mitochondrial membrane potential in the presence of FK506 and CHX was comparable to the effect of HBx in the presence of CHX treatment alone, demonstrating that inhibition of calcineurin does not alter HBx modulation of mitochondrial membrane potential. Taken together, these results suggest that HBx activation of NF-B prevents mitochondrial membrane depolarization in primary hepatocytes; however, under conditions where NF-B is not active, HBx induces mitochondrial membrane depolarization by regulating the MPTP.
DISCUSSION
Chronic HBV infections are associated with the development of HCC (3). Although still debated, the nonstructural HBV X protein, HBx, has been implicated as a cofactor in the development of HBV-associated HCC (43, 44, 56, 85, 101) . HBx is a multifunctional protein that can regulate cellular transcription and signal transduction pathways, proteasome activity, cell cycle progression, apoptosis, and HBV replication (35; reviewed in reference 10). Some of these HBx activities involve stimulation of signal transduction pathways by an HBxinduced elevation of cytosolic calcium levels (9, 14, 63, 92) . It is likely that the subcellular distribution of HBx is important for its various functions, and several studies with established cell lines and HBx-transgenic mouse hepatocytes have suggested that a fraction of cytosolic HBx localizes to mitochondria (17, 25, 34, 36, 41, 58, 70, 84, 89, 90) . Studies conducted with established cell lines suggest that HBx regulates cytosolic calcium levels through an MPTP-dependent pathway and may also modulate mitochondrial membrane potential (41, 58, 70, 84, 89) . The localization of HBx within mitochondria and the effect of HBx on mitochondrial physiology in primary hepatocytes have not been previously addressed.
In this study, we initially characterized the mitochondrial localization of HBx in HepG2 cells, a cell line that serves as a model system for studying HBx-dependent HBV replication (60) . We then extended our studies to cultured primary rat hepatocytes, a biologically relevant system that has been used to study various aspects of hepatocyte physiology (6, 19, 23, 37, 73) . While similar studies could have been conducted with hepatocytes derived from HBx-transgenic mice, the necessity for control experiments with hepatocytes derived from a nontransgenic mouse and the consequential possibility that some subtle differences might not be related to HBx expression led us to focus our studies on HBx-and control-vector-transfected primary rat hepatocytes derived from the same source. Additionally, rats provided a more experimentally tractable system for isolating the large numbers of hepatocytes that were required for many of our experiments. For studies with cultured primary rat hepatocytes, we focused on the activities of HBx when it is expressed in the absence of other HBV proteins. The published reports on numerous tumors from HBV-associated HCC in which HBx is expressed in the absence of viral replication (21, 66, 98) suggest that it is important to understand the consequence of HBx expression for hepatocyte physiology both when expressed in the context of replication and when expressed in the absence of other viral proteins.
We first characterized the localization of HBx to a mitochondrially enriched fraction isolated from HepG2 cells; these studies were conducted with cells that were transfected with either an HBx expression vector or a replication-competent HBV DNA (Fig. 3A and 4) . In both cases, HBx localized to mitochondria, confirming our previous immunofluorescence studies that showed colocalization of HBx and mitochondria and demonstrating that mitochondrially localized HBx was not an artifact caused by potential overexpression of HBx in the absence of HBV replication (58) . We then showed that HBx localized to a mitochondrially enriched fraction isolated from HBx-transfected primary rat hepatocytes (Fig. 3A) . Purification of mitochondria by density gradient fractionation further confirmed that HBx localized to mitochondria in HepG2 cells ( Fig. 3B and 4B ) and in primary rat hepatocytes (Fig. 3B) .
We next used trypsin sensitivity assays, sodium carbonate treatment, and potassium chloride treatment to characterize the localization of HBx within mitochondria. The results of these studies showed that HBx was present in the outer mitochondrial membrane in both HepG2 cells and cultured primary rat hepatocytes (Fig. 5) ; these observations are consistent with similar studies using Huh7 and COS cells and with a possible VDAC3 interaction (36, 70, 71) . The exact localizations of HBx in HepG2 cells and cultured primary rat hepatocytes were slightly different; a portion of HBx was sensitive to trypsin treatment in HepG2 cells, while mitochondrially localized HBx was entirely insensitive to trypsin when it was expressed in rat hepatocytes, unless these mitochondria were also exposed to Triton X-100. These results, combined with those from sodium carbonate and potassium chloride treatments, suggest that HBx is partially exposed on the surface of mitochondria and partially embedded in the outer mitochondrial membrane in HepG2 cells, whereas it is entirely embedded in the outer membrane of mitochondria in primary rat hepatocytes. The reasons for these differences are not known but may reflect variation in the way that HBx is inserted into the outer mitochondrial membrane or differences in an interaction between HBx and a mitochondrial protein. For example, it is possible that HBx interacts with VDAC3 and that it is the conformation of VDAC3 that varies between immortalized and transformed hepatocytes versus primary hepatocytes. There is 95% amino acid identity (98% similarity) between human and rat VDAC3, and this high degree of homology suggests that an interaction between HBx and VDAC3 would likely occur in both human and rat cells (2, 71) . Additionally, because HBx regulates HBV replication in both HepG2 cells and primary rat hepatocytes, it is likely that HBx activities that affect HBV replication, such as regulation of calcium levels and of the MPTP, are similar in both HepG2 and primary rat hepatocytes (16, 58, 60, 86, 105) . In ongoing studies, we are attempting to further characterize the differences in trypsin sensitivity of HepG2 and primary rat hepatocyte mitochondrially localized HBx and whether the VDAC conformation differs in HepG2 cells and rat hepatocytes.
HBx directly causes mitochondrial membrane depolarization in Huh7 cells but not in HepG2 cells (50, 70, 84, 89 (Fig. 6 ). In the absence of any exogenous depolarization signal, mitochondrial membrane depolarization was observed in a small percentage of cultured primary rat hepatocytes. We consistently observed a small but statistically significant decrease in mitochondrial depolarization in HBx-expressing compared to control cells. The optimum transfection efficiency in primary rat hepatocytes was about 30 to 40%; therefore, it is possible that the percentage of hepatocytes with depolarized mitochondria would be even less if more hepatocytes in the assay were expressing HBx.
To determine whether HBx protects cells from mitochondrial membrane depolarization under conditions that might be present during an HBV infection of the liver, we also examined the effect of HBx on TNF-␣ modulation of mitochondrial membrane polarization. TNF-␣ is a cytokine that is present during immune-mediated responses to an HBV infection; prolonged treatment of primary rat hepatocytes with TNF-␣ caused mitochondrial membrane depolarization (29, 88) (Fig.  6 ). Because studies with other cell lines demonstrated that HBx induced mitochondrial depolarization, we expected that HBx would sensitize primary rat hepatocytes to TNF-␣-induced mitochondrial membrane depolarization (50, 70, 84, 97) . Surprisingly, HBx protected hepatocytes from TNF-␣-induced depolarization; the increase in mitochondrial membrane depolarization that was observed in primary rat hepatocytes treated with TNF-␣ was inhibited by HBx expression (Fig. 6) . These results suggest that in the context of an HBV infection, HBx expression may protect hepatocytes from cytokine-induced mitochondrial membrane depolarization.
Multiple cellular signal transduction pathways can affect mitochondrial membrane potential, and it is likely that compared to normal cells, many of these pathways are altered in established cell lines that have been derived from cancers (95) . To begin to understand how HBx regulates mitochondrial membrane potential in cultured primary rat hepatocytes, we exposed HBx-expressing hepatocytes to CHX, an inhibitor of protein synthesis, and analyzed mitochondrial membrane potential. In the presence of CHX, HBx protection against depolarization was blocked, and HBx actually induced mitochondrial membrane depolarization (Fig. 7) . These results support an important role for protein synthesis in HBx-dependent prevention of mitochondrial membrane depolarization and suggest that HBx modulation of mitochondrial membrane potential involves at least two activities. One activity prevents mitochondrial membrane depolarization and requires continual protein synthesis, while the other activity induces membrane depolarization. In hepatocytes in which protein synthesis is not blocked, the activity of HBx that prevents mitochondrial depolarization dominates HBx modulation of mitochondrial membrane potential.
CHX treatment is often used to inhibit cellular signal transduction pathways that are regulated by NF-B, and HBx can activate NF-B in various established cell lines (1, 18, 48, 55, 57, 87, 96 ). In the studies described here, we have demonstrated that HBx also stimulates NF-B activity in primary rat hepatocytes (Fig. 8) ; this function of HBx was inhibited by IB-SR, a mutant form of IB-␣ that cannot be phosphorylated and degraded (11, 13, 22, 94) . IB-SR also blocked the ability of HBx to inhibit mitochondrial membrane depolarization, and HBx actually induced mitochondrial membrane depolarization in the presence of IB-SR, similar to the results observed in the presence of CHX (Fig. 7) . These results and those discussed above demonstrate that HBx expression has two different effects on mitochondrial membrane potential, depending on the status of NF-B. It is possible that the variable, NF-B-dependent effects of HBx on mitochondrial membrane potential might account for some of the discrepant results that have been published; the levels of NF-B are decreased in some established liver cell lines compared to in primary hepatocytes (71, 84, 89) . In addition, these results suggest that HBx modulation of mitochondrial membrane potential may change in hepatocytes if NF-B levels are altered in response to different stimuli; signals that decrease NF-B levels or activity in hepatocytes may cause HBx to change from an inhibitor of mitochondrial membrane depolarization to an activator of depolarization. The consequent effect of either mitochondrial membrane depolarization or protection against depolarization will likely affect hepatocyte physiology and contribute to HBV-associated disease. The factors that are stimulated by HBx-induced activation of NF-B to prevent mitochondrial membrane depolarization are currently undefined.
While NF-B activity was clearly implicated in protection of mitochondria from depolarization, we also wanted to determine how HBx could induce mitochondrial membrane depolarization. The results from our previous studies suggested a role for HBx in the regulation of the MPTP (9, 58) . To test whether HBx modulated the MPTP as a means for inducing mitochondrial membrane depolarization, we treated HBxtransfected hepatocytes with CsA, an MPTP inhibitor. Combined treatment with CHX and CsA abrogated the HBx-induced depolarization of mitochondrial membrane potential. This result implies that in the absence of protein synthesis, HBx modulation of mitochondrial membrane potential is affected by HBx regulation of the MPTP (Fig. 7) . FK506, a calcineurin inhibitor, did not affect HBx-induced mitochondrial membrane depolarization, suggesting that the result observed with CsA, which can inhibit both calineurin and MPTP activity, is due to inhibition of MPTP activity (Fig. 7) . Overall, these studies show that HBx induction of mitochondrial membrane depolarization involves modulation of the MPTP. While it is likely that modulation of the MPTP by HBx requires its direct association with mitochondria and VDAC, attempts to identify a mutant HBx that does not localize to mitochondria have been confounded by significant differences in the stabilities of various truncated versions of HBx (A. J. Clippinger and M. J. Bouchard, unpublished observations). In addition, previous studies have suggested that there may be more than one mitochondrial localization signal in HBx. In these studies, mutant HBx proteins were used to map the region of HBx required for mitochondrial localization in Huh7 cells (36, 84, 89) . One study showed that a putative mitochondrial localization signal for HBx was located between amino acids 54 and 70; however, another study showed that a mitochondrial localization signal was also located between amino acids 68 and 117 of HBx. Considering that HBx contains only 154 amino acids, these studies, and our observations of significant variations in the stability of truncated versions of HBx, may make it difficult to isolate a mutant HBx that is expressed at levels similar to wild-type HBx and is unable to localize to mitochondria. Cumulatively, our results demonstrate that HBx localizes to the outer mitochondrial membrane of mitochondria isolated from cultured primary rat hepatocytes and that in these hepatocytes, HBx prevents mitochondrial depolarization by activating NF-B or, in the absence of NF-B activity, modulates the MPTP to induce mitochondrial membrane depolarization.
Although one dissenting result has been published (102), studies from four groups suggest that many HBx activities, including regulation of HBV replication, may result from HBx modulation of cytosolic calcium levels (9, 14, 63, 92) . We recently reported that HBx expression elevates cytosolic calcium levels in HepG2 cells and that this activity could be blocked by CsA treatment (58) . The MPTP is one component of mitochondria that is involved in the regulation of mitochondria and cytosolic calcium levels. Our previous studies suggest that HBx can modulate the MPTP even if protein synthesis is not inhibited and that HBx regulates cytosolic calcium levels through modulation of the MPTP. Those studies combined with the studies reported here allow us to generate a possible model for HBx regulation of cytosolic calcium levels, mitochondrial membrane potential, and HBV replication (Fig. 9 ). In this model, elevation of cytosolic calcium levels by HBx is an important HBx activity that regulates HBV replication, and this HBx activity involves modulation of the MPTP. Left unchecked, elevated cytosolic calcium levels can further activate the MPTP and induce mitochondrial membrane depolarization, which could negatively affect cellular metabolism and activate apoptotic pathways (5). To counter this effect, HBx also activates NF-B, and this prevents mitochondrial membrane depolarization. It is likely that the combined effect of these HBx activities facilitates continued MPTP-regulated calcium signaling while preventing the detrimental effects that this might have for hepatocytes. In this regard, HBx may be functioning similarly to a cytokine such as TNF-␣ which can activate competing signals; the ultimate consequence of these signals will depend on the specific cell type stimulated. Our studies may also provide some clarification for discrepant results of HBx activities that have been reported and strengthen the argument that the precise consequence of HBx expression will depend on the status of signaling pathways and proteins within a cell. Importantly, we have demonstrated that in cultured primary rat hepatocytes, HBx modulates mitochondrial membrane potential by regulating both NF-B activity and the MPTP. In the context of HBV replication in a hepatocyte, these activities may facilitate HBV replication while preventing mitochondrial membrane depolarization.
In addition to facilitating HBV replication, HBx activation of NF-B in hepatocytes and modulation of mitochondrial membrane potential may also have profound consequences for hepatocyte physiology. Various studies have implicated NF-B activity in the development of liver cancer; activated NF-B can inhibit apoptosis and enhance hepatocyte survival (reviewed in reference 39). In the context of a chronic HBV infection, HBx activation of NF-B may provide a survival signal that eventually participates in the selection of transformed hepatocytes and the development of HCC. Mitochondrial dysfunction has also been correlated with chronic liver disease and carcinogenesis, and HBx regulation of mitochondrial membrane potential may contribute to activating pathways involved in cell transformation (45) . One interesting possibility is that the status of NF-B may change in the course of an HBV infection or in the process of hepatocyte transformation. If the activity of NF-B is blocked in hepatocytes, HBxinduced depolarization of mitochondria could enhance activation of apoptotic pathways and eventually participate in the selection of hepatocytes that are resistant to proapoptotic signals. Therefore, both HBx activation of NF-B and HBx modulation of the mitochondrial membrane potential could contribute to the development of HBV-associated HCC. Future studies will determine how these HBx activities influence hepatocyte signal transduction and survival pathways as well as HBV replication. It is quite likely that regulation of mitochondrial physiology by HBx will affect many cell functions, regulate HBV replication, and influence the development of HBVassociated HCC.
